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CORRESPONDING STATES OF METALS
: ng § A M. A, Zaykov
‘ \ In developing the theory of corresponding states of metals,
! the author found it necessary to investigate the mechanical .

(pbyaical) properties of metals in so-called "relative or

[ ( reduced coordinates® thai permit one o synthesize or bring
i . together the properties of all metals into one curve, expressed
1"! j by one equation. mhe egquaticn is verified by experimente of
i the authors and others.
i — 1. The Object and Theory of the Problem

The superfic ial similarity of curves describing the
temperature cﬁndence of the characteristics of various metsls
has for a long time (Figure 1) provoked sttempts to find a
general principle covering this and to reduce all curves into
by Von itor Waal
one, expressed by one equation, as was done/for gases in the
form of a reduced equation of state. The notion of extending
the theory of corresponding states to solids was first put
forth by Abogadro/1/. Ludwin/?/ , in developing this idea, suggested L

introducing the concept of corresponding or homologous temp-

nnmnmummmmmnnguﬁxzxmﬁﬁmn

In verification of this, he performed a great
mary testu,pnlminly with non-ferrous metels, Figure 2 represents
the maximm strength of certain metals at homologous temperatures.
It can be seen in Figure 2 that in comparison with Figure 1

the curves shifted, but there is o complete conformity,

Faﬂi;a in solving this importent problem are due to the

fact that ome sericus factor wAS omitted;~rnamely, the
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allotropy of the metals, which considerably distorte the curve
describing the temperature dependence of the mechanical proper-
ties of metals. On the basis of very abundant mi:erial in the
literature, it can be concluded that during phace traneformations
e fullycomprehensible intermittent variation in properties
takee rlace, eliminating the distortions not allowed for by
homologous coz;rdinates; in regions of menarate modification,
however, the curves are actually of the ssme kind and do not
generally distinguish themselves for different metals,

On the basis of the latter, it appears correct to extend
Ludwik's principle of homologous temperature only to single
modifications and to apply in full Van Der Waal's theory of
corresponding states; that is, to introduce the concept of
not only corresponding temperatures, but also the corresponding
mechanical characteristics.

. It was earlier/3/ established that the relation of mechanical
characteristics toc temperature is expressed by an exponential

equation o= &, - c_mT (1)

or

.y

Ny o oo S~ T (1a)

Here sigma is the sought-for mechanical cheracteristie
(for example O , 6’)(’ 6_5) etc.) at the temperature T
expressed on the absolute scale; 0, 1s the constant of the equation,
of the same dimension as T 3 obtained by extrupolating the

curve to 0%K; /77 is the temperature coefficient :

LuSK )
=y lne) "é%—ﬁﬁ g
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It 4s more correct to extend the extrapoiateé curve %o

the origin of the temperature intervul/t.he given phasej then

the equation will take the form

JM

"'\n

R S R T T .

o (T=Totogin ) @

For conversion to the corresponding state we change

vy
Ludwik's rsduced (homologous) ratio T/'I.'P( to

-Z-:—'L - C (3a)
Tr-TH

Lere Ty —Ty4 is the temperature interval in units of

o
C; T--Tyis the magnitude of heeting of the solid, with Ty

as the zero position. Extending this principle aleo to the

axis of the mechanical characteristics, we shall obtain

S - JK . 5
Ga- K

/(/bO —"_[)euv ,/ém —,/‘Z(_.;K A

Ao Ty /‘Z"—-K /fo o‘;/ —,(ﬁc: (3

After jointly solving (1), (2), (3a), and (3b), and

(%)

and

making simple transpositions, we obtein the reduced equation

of the corresponding states of metals

AN/ )

or (:‘l‘(/\"t
* .cwj ‘ (5)

3
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""f” These equations are remarkable in that they appear to

"‘j be common to all solids (within the 1imits of single modifications
: or temperature ranges) in the hard state; it is evident also that 1
any conclusions evolving {rom U

hem should apply to all solids.

For practical application, qquation (5) can be simplified

by logerithms and joint solution with (4)

- - ()
o /4 o ,% Sy ,%6_-% T (58) )
or {
~o- vt v (5b)

2. The Experimentsl Portion

In order to prove and verify equations (4) and (5) tests
were performed by breaking down various carbon steels in the
regions of single modifications. Carbon stesls of csrbon /

wi P N

content 0.12 to 1.19% were used in the investigation. The

R R

tests were conducted at various speeds from 0.002 mm/sec to
50 mm/sec; the temperature range was from 20 to 1300° C.
The method of conducting the tests is described in detail
1n /¥ and /4/; therefore we shall not take it up here. We
have also used material from the literaiure o illusirate ths
common character of conclusions drawn.

The tested material is systematically broken up into

stages.

Stage 1. Low-Melting Metels
Table 1 (Grephe t° and hows Indwik's date./2/

l
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Low-melting metals are used for analysis; namely, tin, lead,

zine, magnesium produce the greatest difference in ludwik's

homologous coordinates and are completely unrelated when in ‘H cy

ordinary coordinates (Figure 1). The tangent of elop 77 A .
and the temporary resistance at the temperature of fusion {
are determined by equatiors (1) and (2). Table 1 shows the »
data calculated according to the relations (5), (5a), and
4 (5b).

Tgble 2 shows the results of converting tested data for
lead (from Table 1) according to the concluded equation
of the corresponding conditions (4) and (3a), (3b), (3;).

Table 1 and 2 illustrate the accuracy of equations (4)

and (5) and the agreement of the various calculated velues

with the experimental values,

RS

Stege II. Polymorphous Metals,

2 ol

Experimental data for research wae i(.kep.far'natals
most representative of thie group. The euthor's tests en-
compassed almost the whole range of appliceble steel from
0,12 C to 1,192 C m§ were conducted for alpha- and gamma-
modification.
Teble 3 \ahou experimental data relating to the
extent of stability of soft steel in a temperature range
g 1% "S230 %o # 1305°C% Bﬁ'fi"é'id'a”'ditu/s/ %as used for negative
R ) temperatures.
Tt can be seen from Tables 2 and 3 that the value of

[ QU ) obtained experimentally satisfactorily agrees with

the theoretical calcuiated values (equation AN
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p A similar agreement of oxperimental values of strength
f."" with the calculated values was obtained for steel 2 for a

variable rate of deformation ranging from 0,002 to 50 mm/sec

k and for various carbon steels of carbon content 0,12 to
4 1.2% for a rate of deformation v z 0,01 mn/esc (Figuree 2 and AN
Table / represents the e xperimental data of Vratskiy
and Frantsevich 6/ relating to the‘"a;.;e-n'gth of chromium steel
; EKh2 at high temperatures and for a rate of deformation vz 2.5 mm/sec.
e A calculation is also given of this data according to formulas
of corresponding conditions (4) and (2a), (2b), (:'i); for compar-
ison, meximum strength is caleulated according to formula
(58).
It is evident from the tables that the alloyed steels
are also satisfied by equations (4) and (5).

The graphs of Figures 3 and 4 are drawn in accordance with

the table 1-4 to illustrate the agreement of the curves, which

widely diverge in Figures 1 and 2.

Stage ITI. Various Mechanical Characteristics.

T

Ae an analysis of experimental mate:
diverse characteristics satisfy equations (4) and (5).
f

—tmanm A
iscn ©

Tables ba, 5b, and SA:shu'ﬁ & GOmpar the various

mechanical characteristics for copper, experimental and
calculated according to equation (5)./?’ 8, 9, 10, 11/
They show: the meximum strength, true stress at the moment
of fracture and at the mement of ‘neck! formation yield

point, and specific pressure during sag, pressing through the

container, lamination and cutting in 2 plening machine
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according to the data of various authors; temperatures from
2193 to # 1000°C and rates of deformation ranging from
0.01 mm/eec to 20 mm/sec are included, It is8 evident

from the Tables that the agreement of calculated and exper imental

values for all these characteristics is completely satisfactory
and consequently they all vary with temperature in accordance
with equations (1) and (4); that is, with the exponential
equation given.

The Table further shows thet the point corresponding to
the temperature of recrystallization corresponds to the
radical bresk in the intensity of variation in these properties
and should be considered as a point of allotropic conversion
for any solution of such a problem.

14 is interesting to note further thet equations (4)
and (5) are also adequately gatisfied by the celculations, made

with the experimental data on the deformation of monocrystals

and complex technical alloys, and also by such mechanical

cheracteristics as: accurulating stress, the modulus of elasticity,

hardness by Brinell and Ludwik tests at various stages of
sosking, specific pressure during heated cutting with s&
ghears, etc.

CONCLUSIONS

pESALE S

1. Experiments were performed with carbon steel, of carhon
content ranging from 0,12 to 1.19% for temperatures
ranging from 20 to 1300° and deformation rates from
0.002 to 50 mm/eec.

2. A similarity of variations in properties was shown for
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according to the date of variocus mtfscrs; temperatures from

.193 to # 1000°C and rates of deformation ranging from

e

0.01 my/=ec to 20 mm/sec are included. It is evident
from the Tables that the agreement of ealculated and experimental

values for all these charscteristics is completely satisfactory

o s e £ T SNREES

and consequently they a1l vary with terperature in accordance
with equations (1) end (4); that is, with the exponential
equation given.

The Table further shows thst the point corresponding te
the temperature of recrystallization corresponds to the

radical bresk in the intensity of variation in these properties

and should be considered as & point of allotropic conversion
for any solution of such a problem.

it is imteFesting 4c mote further that equations (4)
and (5) ere also adequately satisfied by the celculations, made
with the experimental daia om ihe deformation of monocrT stals
: and complex technical slloys, and elso by such mechanical

cheracteristice as: accurulating stress, the modulus of elasticity,

hardness by Brinell and Ladwik tests at various stages of

soeking, epecific preesure Juring heated cutting with sa¥, 3
shears, etc.

CONCLUSIONS

pRRALZ T

1, Experiments were performed with carbon steel, of ca~hon
content ranging from 0,12 to 1.19% for temperatures
ranging from 20 to 1300° and deformation rates from
0.002 to 50 mm/eec.

2. 4 similarity of variations in properties was shown for
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separate modifications and temperature ranges from

-230° to 32359C and also for moro- and polyecrystale.

A similarity was shown in the temperature variation

of such mechanical characteristics as: maximum stability

, actual reslstance to fracture,

modulus of elasticity, yield point, Brinell hardness,

and also specific pressure during seg, pressing, lamination,
cutting by saws, metal-cutting machines, etc.

It was further shown that these variations should be
coneidered and compared not in any random temperature

range, but in ranges of separate modifications, during which
the point corresponding to the beginning of recrystallization
produces a break in the intensity of variation in properties
and which should be considered the point of allotropic
conversion in such problems,

"j}",_"‘vaé mggeq%ad’Nudwik's principle of homologous
.tmpern;:rm corresponding mechanical characteristics,
There were brought out reduced esquations of corresponding
state and calculated formulas, produciag the possibility
of finding intermediate values along two points, All formulas

were verified by the experimental data of the author

and other researchers,

INSERT

i *be extended only 1:0 eeparate modifications, and that
I‘.’an Der Waal's theory of corresponding states should
\
[be fully applied to solide; that is, one should introduce '
of

.a concent/not only correspondint temperatures, . e
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TABLE Sa. Comparison of Caloulated and Experimental Date with
Respect to Yield Strength and Tensile Strength of Copper

!ield Strength
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TABLE 5b. Compérison of Caloulated and Experimental Date
for True Stress for Various Coppers
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TABLE 5¢. cohpniuon of Calculated and Experimental Data with
Respect to Spgoific Pressure for Various Forams of

Deformetion of Copper.
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Specific Pressure P kg/m
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TABLE 5¢. Comparison of Calculated and Experimental Data with
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